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The present work deals with study of the effect using both quark and meson degrees of freedom in
case of the ground state calculations for some light nuclei. The nuclear properties can be described
microscopically ranged from the empirical picture to fit the experimental data. We study the
nucleon-nucleon interaction via the one-boson exchange potential; OBEP ; with two, three and
four mesons. The Dirac-Hartree-Fock equation is used to determine the Hamiltonian equation for
the meson degrees of freedom. The effect of quark degrees of freedom is considered according to
the variational concept besides the meson degrees of freedom and observe the differences in the
ground state energies for some nuclei. The calculation of quark-quark interaction includes the effect
of instanton induced interaction through the Cornell dressed potential, and the nucleon-nucleon
interaction with the exchange of (σ, ω), (pi, σ, ω) and (pi, σ, ω, ρ) mesons via OBEP . Two meson
functions are used, the generalized Yukawa; GY ; and single particle energy dependent; SBED;
functions to demonstrate the differences of each one in our calculations. The effect of including
more degrees of freedom in calculating the nuclear properties has a satisfied results in case of four
mesons exchange using OPEP with and without the quark-quark interaction and gives an encouraged
search to continue with it.
PACS numbers: 21.60.Cs, 21.60.-n, 21.10.-k, 21.30.-x
Keywords: Nucleon-Nucleon interaction, Dirac equation, Hartree-Fock formulation, One Boson Exchange,
QCD, Cornell dressed potential.
I. INTRODUCTION
The nucleon-nucleon interaction is one of the most fundamental regimes in nuclear physics, it clarifies the
necessity of using the hadronic degrees of freedom or the pioneering example for the accuracy in low energy
of hadrons physics [1, 2]. The interaction between two nucleons has three regions ; related to its range; the
long-range originated from pseudoscalar meson pi with relative distance r > 2fm, the medium-range related to
the scalar meson σ at 0.7 < r < 2fm, and the region at r < 0.7fm is the short range caused by the exchange
of vector meson as well as the effects of quantum Chromodynamics QCD. The nucleon-nucleon potential has
no definite method to determine it [3, 4], variant methods have been existed to estimate the nucleon-nucleon
potentials based on meson theory. There are many groups tried to investigate the nucleon-nucleon interaction
[5–10]. Bonn-group [11] presented a formula of nucleon-nucleon potential to include the exchange of pi-meson
and others [11–16]. Here we used the OBEP for mesons besides the Cornell dressed potential for quarks
to derive a unified equation for the Hamiltonian and have the ground state energy in a semi-relativistic
framework. The Bonn-group potential known as OBEP which has been advanced to be the suitable model for
the nucleon-nucleon interaction because of the reduction of free parameters and fitting them accurately to be
convenient with the experimental data. OBEP gives the best fitting of coupling constants and they discussed
the mesons and nucleons on equal footing. The calculations of the OBEP based on the fact that the ground
state energy is the lowest energy for the system, this fact is ensured with the method of mean-field potential
which minimizes the sum of kinetic and potential energy. Some methods of calculating the mean-field potential
are known as, Hartree or Hartree-Fock equations.
On the other hand, the quark degrees of freedom is under the dynamics of QCD. The interaction between
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2quarks has various forms of potentials, which include the properties of the interaction between quarks
(confinement and asymptotic properties). De Rajula, Georgi and Glashow [17] suggest the one-gluon exchange
as an approach of quark-quark interaction. Their choice is dependent on the similarities to the one-photon
exchange in the electron-electron interaction, but the intrinsic color charge of quarks not the electric charge
controls the interaction between quarks. The confinement property of quarks leads not to separate a free quark
and that is opposite to the electric charge at large distance as the Coulomb potential vanished.
The one-gluon exchange mechanism is stemmed by the supplementary short-range potential with two parts, the
linear confinement at quite large distance, and a part of the pairing force acting only on the quark-antiquark
states. The pairing force generates the constituent masses for the light quarks [18, 19]. The spectra of
baryons composed of u, d, s quarks can use a semi-relativistic potential model in their description, including
instanton induced forces. The instanton induced forces are applied to baryons firstly in [20], the ground states
of spectra are produced quite well. The model proposed in [21] is a semi-relativistic model and obtained a
very good results with one condition for the quarks to be an effective degrees of freedom. The instanton
induced model for baryons [22] is used to describe baryons composed of light quarks and that is demanded
in our idea. The baryon spectra from this model assures that the instanton induced forces besides the
contributions of one-gluon and meson exchange are convenient for the best results. Quarks and gluons are
not directly observed and their degrees of freedom should be accumulated in an effective theory related to the
hadronic degrees of freedom, QCD properties should be included as possible and can be represented as a the-
oretical approximation. A hybrid realistic approach can be derived from the hadronic degrees of freedom [23, 24].
The main characteristics of the Hybrid model are recalled in Sec.II, the model is constructed of two parts
with the demanded parameters. The discussion of our results is introduced in Sec.III. The conclusion of this
work is shown in Sec.IV.
II. THE CHARACTERISTICS OF THE HYBRID MODEL
The fact of being the vector mesons and QCD affected the nuclear properties at a short range, hence the study
of nucleon-nucleon interaction through OBEP should not be enough. The exchange of bosons with OBEP
models comes about more than the size of nucleon or equal to the inter-nucleon distances. We have the effect of
QCD dynamics at a distance less than or almost around the boundaries of hadron and that is necessary for the
description of nucleon-nucleon interaction. The quantitative theoretical models can analyze the experimental
data based on the degrees of hadrons over the last three decades [11–16] and also the quark degrees of freedom
in QCD models are successful models for the description of the nuclear properties [19, 25–27]. These models
analyze the static properties of baryon successfully. We are concerned to add the quark degrees of freedom as
a perturbed term to the meson degrees of freedom and have a hamiltonian equation of two parts as following:
H = H1 +H2 (1)
Where the hamiltonian of the nucleon-nucleon interaction is H1 and the hamiltonian of the quark-quark inter-
action is H2. This is the general form for our hybrid model where we study the OBEP with the exchange of
(two, three, four) mesons as it represents the nucleon-nucleon interaction, and the Cornell dressed potential as
the quark-quark interaction for constructing more realistic model of the nuclear properties.
A. The nucleon-nucleon interaction based on OBEP
Nucleons are fermions and have the convenient representation of applying the Dirac equation on its Hamil-
tonian to describe the interaction between two nucleons via OBE [28–30].
H1 =
A∑
i
c ~αi.~pi + (βi − I)mic2 + Tij + 1
2
A∑
i 6=j
Vij (2)
This equation introduces the energy of the nuclear system H1 with Dirac matrices α, β, nucleon mass mi,
momentum ~p, T is the kinetic energy, unit matrix I, speed of light c and the potential energy Vij between two
3fermions i, j. The calculation of T is demonstrated in appendix 1 with the aid of [31–33].
H1 =
A∑
i
C ~αi.~pi + (βi − I)mic2 +
A∑
i<j
Vij +
2
mA
∑
i<j
p2ij (3)
Where the relative momentum of two nucleons is ~pij =
1
2 (~pi − ~pj). The ground state energies require the
mean field potential which is associated with the relativistic quantum field in the microscopic description to
include the full structure of the medium [34], this description includes the study of nuclear properties with
Dirac-Hartree-Fock [35]. The minimum point can be obtained by applying the lagrange multiplier method on
the relativistic Hartree-Fock equation.∑
iαβ
hiC
∗
iαCiβ 〈Fα|Fβ〉 =
∑
iαβ
C∗iαCiβ
〈
Fα(r)|c ~αi.~p+ (βi − I)mic2|Fβ
〉
+
∑
i<j
∑
αγβδ
C∗iαCiβC
∗
jγCjδ
〈
FαFγ |( 2
mA
P 2ij + Vij)|F˜βFδ
〉
(4)
The antisymmetry of fermions should be presented in the wave functions of fermions with the Slater-determinant
[36] and the modified relation of the wave function s given as;
Ψ(r) =
1√
A!
detψi(~ri) (5)
With nucleon wave function ψi and nucleus wave function ψ.
ψi(~ri) =
∑
α
CiαFα(~ri) (6)
Where the oscillator constant Ciα is associated with the oscillator function Fα(~ri)
|Fα〉 =
∣∣∣∣ Φαχα
〉
(7)
Where (Φα, χα) are the radial and spin components respectively, the two components have the following relation
between them [34, 37],
χ =
(
1− ε− v
2Mc2
)
~σ.~p
2mc
φ (8)
With external energy ε and potential energy v. The details of wave function is shown in [38]. To solve the
Hamiltonian, the wave function is expanded in terms of a complete set of basis functions according to Rayleigh,
Ritz and Galerkin method. The basis set to be,
Rnl(r) =
8(n!)
Γ(n+ 2l + 3)
β
3
2 (2βr)l exp(−βr)L2l+2n (2βr) (9)
Where l denotes the angular momentum, β represents a parameter for the scale of the oscillator length, and
L2l+2n denotes an associated Laguerre polynomial. It is possible to obtain accurate results for low-lying S-states
after the diagonalization of the Hamiltonian matrix with a possible range of scale lengths β. These relations
are embedded in EQ.(4) and get rid of the kinetic term in Dirac-Hartree-Fock equation and have the final form
similar to [39, 40], ∑
iαβ
h1Ciβ 〈Fα|Fβ〉 =
∑
i<j
∑
αγβδ
CiβC
∗
jγCjδ
〈
FαFγ | 2
Am
~pij + Vij |F˜βFδ
〉
(10)
41. The OBE potential
This potential Vij between two nucleons is based on the exchange of two or three or four mesons.
Vij(r) = V1 + V2(r) + V3(r) (11)
The included mesons in this potential are classified to be pseudoscalar, scalar and vector mesons with a Dirac
representations and Pauli matrices σi [28, 41].
Vps(r) = γ
o
i γ
5
i γ
o
j γ
5
j Jps (12)
Vscalar = −γoi γoj Jscalar (13)
Vvector(r) = γ
o
i γ
o
j ~γi
µ ~γj
µJvector (14)
where
γoi =
(
1 0
0 −1
)
γ5 = ıγ
oγ1γ2γ3 =
(
0 I
I 0
)
γi =
(
I 0
0 −I
)(
0 ~σi
~−σi 0
)
The meson degrees of freedom have some static functions Jk for description, but here we choose GY and SPED
for meson k and (k = pi, σ, ω, ρ).
(Jk)GY = gk~c
(
exp(−µkr)
r
− exp(−λkr)
r
(
1 +
λ2 − µ2k
2λk
r
))
(15)
Where the meson-nucleon coupling constant g2k, the cut off λk and the mass of the meson is associated with
µk =
mc
~ . The second function has the form [36],
(Jk)SPED = gk~
(
λ2k
λ2k − µ2k
)(
exp(−µkr)
r
− exp(−λkr)
r
)
(16)
The final equation of the one-boson exchange potential Vij is obtained as following after the calculation as in
previous work of [38].
〈FαFγ |Vij(r)|F˜βFδ〉
= 〈φαφγ | − Jσ + Jω + 1
4m2c2
[2Jσ(r)p
2 − 2~2
{
dJσ
dr
d
dr
}
+
2
r
dJσ
dr
[~S.~L]
−4Jω(r)p2 + 4~2
{
dJω
dr
d
dr
}
− 4
r
dJω
dr
[~S.~L] + Jω(~σi. ~σj)
2
~2
(~S.~p)2
−Jω(~σi. ~σj)p2 + 2~2 (
~S.~p)2Jω(~σi. ~σj)− p2Jω(~σi. ~σj)]
+
1
4m2c2
[−Jω(~σi. ~σj) 2~2 (
~S. ~pR)
2 + Jω(~σi. ~σj) ~pR
2 +
1
2
p2RJσ
+
1
2
p2RJω] +
1
4m2c2
[−Jpi(2(~S.nˆ)2p2 + Jpip2
−2~2(2S(S + 1)− 3)dJpi
dr
d
dr
− 2(~S.nˆ)2p2Jpi + p2Jpi]|φ˜βφδ〉 (17)
With total spin operator ~S, relative momentum ~p, center-of mass momentum ~pR, angular momentum ~L and
the meson function J(r). The determination of the energy eigen values requires the diagonalization of the
Hamiltonian matrix whose elements are calculated with the functions of Eq. (21) and appendix 2. We have
Eq. (10) to show that the OBEP model can determine a satisfied results for S-state with the meson functions
Jpi, Jσ, Jω, Jρ and the value of mesons wave functions depends on distance r which is determined as in [38].
5B. The quark-quark interaction with the Cornell potential and Cornell-dressed potential
Baryon sector (consists of three quarks) is particularly rich with physics. The problem of three interacting
particles is much more difficult to be solved with quantum mechanics than the relatively easy two-body problem.
Many physicists avoid the many-body techniques, as it is necessary to have a good treatment of the center-of-
mass and internal coordinates. If baryon is represented by three identical particles, the Pauli principle is not
easy to be managed with internal coordinates. If (qqq) is bounded by a pairwise potential, V =
∑
v(rij) with
half strength of quark-anti quark qq¯ potential(half rule). The exchange of any pair of quarks has antisymmetric
wave function, including color, spin, space, and flavor degrees of freedom. The mass difference between d and
u quarks can be employed as a small corrections[42].
We present a simple introduction to elementary variational calculations, since baryons are compact objects with
quarks bounded together tightly. There is an inequality relation between mesons and baryons represented in
the following,
Evar(qqq) ≥ 3
2
Evar(qq¯) (18)
Given the half rule Vqq =
1
2Vqq¯ where Vqq is the potential between two quarks, and Vqq¯ is the potential between
quark-anti quark. This rule is related to a special configurations of two quarks; for instance, if the two quarks
coincide during the same time, the third quark behaves as an anti quark where it feels as a localized color source
and the half rule holds exactly. According to two quarks color structure, the potential between them has singlet
exchange or octet exchange.
The Hamiltonian of hadrons containing light quark should simultaneously define a number of relativistic
corrections. The momentum-dependent corrections as well as a non-local kinetic energy (there is no com-
mutation with faster than light and it is compatible with special relativity) are required to be included in
the effects of relativistic kinematics of the potential of the potential energy operator [43]. These relativistic
kinematics are included in the Bethe-Salpter equation, neglecting the spin effect which introducing non-local
modifications(changing coordinates) of the relative coordinate. The spinless Salpter equation has the forms,
H =
√
~p2 +m21 +
√
~p2 +m22 + V (~r)
That is related to quark-anti quark in a meson.
H =
3∑
i=1
√
~pi
2 +m2i +
3∑
i<j=1
Vij(~r) (19)
This is suitable for baryon where H is the total energy of the system, V is the central potential between two
particles (i, j) and ~p is their relative momentum. The vector ~p represents the conjugate variable of the inter
distance ~r(Salepter for non-relativistic treatment is formulated as the eigen value problem of the bound state
with scalar amplitude not definite positive, the Salepter Hamiltonian is self adjoint with respect to this scalar
product) [44]. In case of baryon mi is the constituent masses of quarks with the same mass of u and d quarks
(isospin symmetry is maintained). The central potential is the Cornell-potential [19],
VC(r) =
1
2
[
−k
r
+ ar + C] (20)
The factor half is related to the half rule, k is the Coulomb parameter, a is the string constant and C is additive
constant equals zero in the heavy quark sector. To solve the spinless-Salpter equation, [43] the radial wave
function is expanded in terms of a complete set of basis functions according to Rayleigh, Ritz and Galerkin
method [45]. The basis set is written as,
Rnl(r) =
8(n!)
Γ(n+ 2l + 3)
β
3
2 (2βr)l exp(−βr)L2l+2n (2βr) (21)
as Where l denotes the angular momentum quantum number, β represents scale oscillator length, and L2l+2n
denotes an associated Laguerre polynomial. It is possible to obtain accurate results for low-lying S-states after
the diagonalization of the Hamiltonian matrix with a possible range of β.
6Many symmetries are slightly broken in nature as it can give rise the classical solutions to a particular symmetry-
breaking amplitude. The classical solution of equation of motion was introduced in Yang-Mills theory, known
as ’instanton’ term. The determination of the quantum effects of instantons was introduced firstly by ’t Hooft
[46] . The instanton calculus can be summarized by four steps [47].
• The gluon fields can not deform the instantons into classical solutions continuously.
• The perturbative gluon diagrams can not cover the effective interaction between quarks which caused by
instantons.
• The instanton calculus denotes as a non-perturbative method for the calculation of path integrals, which
are represented in the fluctuations around the instanton and change the action. All of this is normally
done in the Gaussian approximation.
• The instanton effects in QCD realized that instanton is similar to be described as 4-dimensional gas of
pseudo particles, then use the summation over the instanton gas.
In the first analogy of super conductivity with the Bardee-Cooper-Schrieffer theory [48], when the interaction
between fermions(nucleons) and light quarks are attracted strongly at the short range, this interaction can
rearrange the vacuum and the ground state affected by it which resembles the effect of super conductivity.
Then, the short range interaction can bind these constituent light quarks into hadrons without confinement in
order to make quantitative predictions for hadronic observable. With the aid of ’t Hooft-Pdyakov monopole and
number of authors clarified the instanton as a representation of the tunneling event between vacua, searching
for the physical meaning of it [49].
In non-relativistic quark model, it is assumed that this model is based on the confinement potential and a
residual interaction. The residual interaction is related to the reduction of the one-gluon exchange OGE. One
able to compute the residual interaction by ’t Hooft force from instanton effects [46, 50]. Ref [20] proposed a
model of quarks interaction with the replacement of the traditional (OGE) potential by a non-relativistic limit of
’t Hooft’s interaction. The residual interaction is expressed as an expansion of the Euclidean action around the
single instanton solutions under the assumption of zero mode in the fermion sector. The instanton interaction
takes into account the multi gluon annihilation processes occurring in neutral pairs qq¯ or the light quarks. There
is an explicit spin dependence for the instanton interaction unlike one-gluon exchange, it contains a projector
on spin S = 0 states. The distribution of this interaction represented with δ(~r) replaced by a gaussian function
with range Λ.
δ(r) =
1
Λ3
1
pi
3
2
exp(
−r2
Λ2
) (22)
with Λ is the range of the pairing force(QCD scale parameter).
VI(r) = 8
(
g
√
2g`√
2g` 0
)
δ(r) (23)
Where g, g´ are two dimensioned coupling constants according to quark flavors.This equation is under condition
of (l = s = 0andI = 0), where l, s, I denotes angular momentum, spin and isotopic spin quantum numbers
respectively for nn¯ pair, and the form of instanton contributions represents as [51],
H =
3∑
i=1
√
~pi
2 +m2i +
3∑
i<j=1
Vij(~r) +
1
2
[
−k
r
+ ar + C]− gδ(~r) (24)
For ns¯ pair, the Hamiltonian will be as the following.
H =
3∑
i=1
√
~pi
2 +m2i +
3∑
i<j=1
Vij(~r) +
1
2
[
−k
r
+ ar + C]− g`δ(~r) (25)
The pairing force depends on the value of the parameters g and g´, if we set g for strange flavor with symbol s
and g` for non-strange flavor with symbol n. The Hamiltonian contains non-diagonal parts in the isoscalar space
(|nn¯〉,|ss¯〉).
H =
 ∑3i=1√~pi2 +m2i 0
0
∑3
i=1
√
~pi
2 +m2i
+ 1
2
[
−k
r
+ ar + C]
(
1 0
0 1
)
+ VI(~r) (26)
7Having the coupling constant as,
g` =
3
8
geff (n) (27)
The parameter geff denotes the strength [44], results from a regularization procedure in a single or two loop
approximation and contains a divergent integral that must be regularized.
geff = (
4
3
pi2)2
∫ ρc
0
dρdo(ρ)ρ
2 × (moi − ρ2ci) (28)
Where do(ρ) is a function instanton density of the instanton size ρ, For three colors and three flavors this quantity
is given in [44], moi is the current mass of flavor i and the quark condensate for this flavor is ci = (
2
3 )pi
2〈q¯iqi〉,
〈q¯iqi〉 (non-vanishing expectation values). The integration over ρc which is the maximum size of the instanton
for small ln ln-term.
do(ρ) = (3.63× 103)( 8pi
2
g2(ρ)
)6 exp(
8pi2
g2(ρ)
) (29)
Where
(
8pi2
g2(ρ)
) = 9 ln(
1
Λρ
)− 32
9
ln(ln(
1
Λρ
) (30)
The asymptotic freedom can still be added but with a much smaller strength. The constituent masses are the
re-normalization of quarks’ masses which demonstrate the contribution of the constituent masses [44].
mn = m
o
n + ∆mn + δn (31)
mon is the current mass of non-strange quark, ∆mn is the contribution of constituent mass [21] with free
parameter δn added to the running masses. The contribution of the constituent masses has the following
formula.
∆mn =
3
4
pi2
∫ ρc
0
dρdo(ρ)ρ
2(mon − ρ2cn)(mos − ρ2cs) (32)
The index s represents the strange flavor. It is important to replace the dimensional instanton size with a
dimensionless size [22] as x = Λρ with a dimensionless quantity with using the definition of do(ρ),
αn(xc) =
∫ xc
0
dx[9 ln(
1
x
)− 32
9
ln(ln(
1
x
))]6xn[ln(
1
x
)]−
32
9 (33)
This dimensionless integration should still have small value of ln ln-term. It is involved in the parameters
g´,∆mn.
g` =
δpi2
2Λ3
[monα11(xc)−
cn
Λ2
α13(xc)] (34)
∆mn =
δ
Λ
[monm
o
sα9(xc)−
cnm
o
s + csm
o
n
Λ2
α11(xc) +
cncs
Λ4
α13(xc)] (35)
The functions α9(xc), α11(xc), α13(xc) given in [22], the m
o
s is the constituent mass of strange flavor and also
the cs is the quark condensate related to the strange flavor. It is supposed that the quark as an effective degrees
of freedom is dressed by the gluon and quark-anti quark pair clouds(constituent masses) and it is natural to
express the probability density of quark configuration as a Gaussian function around its average position.
ρi(r) =
1
(γi
√
pi)
3
2
exp(
−r2
γ2i
) (36)
8Tab. I: The meson parameters for OBEP for different sets.
Ref meson massMeV coupling constant gi Cut off parameter λ MeV
pi 138.03 14.9 2000
σ 700 16.07 2000
set A [53] ω 782.6 28 1300
ρ 769 1.7 1100
pi 138.03 14.40 1700
σ 710 18.37 2000
set B [53] ω 782.6 24.50 1850
ρ 769 0.9 1850
Where ρi(r) is the probability density not the instanton size as previous with γi the size parameter and it is
dependent on the quark mass flavor(n for non-strange flavor and s for strange flavor). The operator for the
quark in positions r1 and r2 is replaced by effective one after double convolution of the bare operator with the
density functions ρi and ρj . It is assumed in [21] that the dressed expression O˜ij(r) of the bare operator Oij(r)
which depends only on the relative distance rij = ri − rj between quarks.
O˜ij =
∫
drOij(r´)ρij(rij − r´) (37)
The convolution procedure supposed to remain the center of mass fixed during it and that the ρij tends to a
delta function at the limit of an infinitely large γij [23].
δ˜(r) =
1
(γij
√
pi)3
exp(
−r2
γ2ij
) (38)
This formula resembles the previous form of the probability density of Gaussian form, but with parameter γij .
The convolution (a function derived from two given functions by integration that expresses how the shape of one
is modified by the other) of two Gaussian functions with size parameter γi and γj is also a Gaussian function.
After convolution with the quark density, the Cornell dressed potential has the following form,
V˜C(r) = −k
erf( rγij )
r
+ ar[
γij exp(
−r2
γ2ij
)
√
pir
+ (1 +
γ2ij
2r2
)erf(
r
γij
)] + C (39)
With the error function erf and γij =
√
γ2i + γ
2
j . This approach is introduced in [22], in +which the spinless-
Salpter equation is supplemented by a central potential and a non-relativistic limit of an instanton induced
interaction, as well as the potential is completely defined at the Zero order of quark speed, giving
∑3
i ~pi = 0.
The instanton induced interaction is essential to describe the ground properties of the baryon. Three parameters
are also used for the central part of the potential: a for slope confinement, k for the Coulomb-like part and C
constant that renormalizes the masses. The OBE potential and CD potential helped us to construct our hybrid
model without any coupling between quarks and mesons and we applied it on some light nuclei, 2H1 and
4H2.
The ground state energies of them are calculated numerically and listed values in tables III and V for Deuteron
and tables IV and VI for Helium. We can determine the binding energy per nucleon EA for the studied nuclei
as [52],
E
A
= −Eg.s.
A
(40)
with the mass number A, and the total ground state energy Eg.s.. The parameters listed in table I are important
for us to calculate the OBE potential which have three main parameters, mass of the meson, coupling constant
and the cut off parameter, these parameters were classified in two sets, A and B sets. The parameters for CD
potential have been noted in [22] as in table II.
9Tab. II: The quark parameters for the instanton induced interaction with the Cornell-dressed potential [22].
Parameters Unit Values in baryon
a GeV 2 0.168
K 0.798
C GeV −0.967
mn GeV 0.378
γn GeV
−1 0.681
III. RESULTS AND DISCUSSION
The two-body force is a simple model to reveal the hidden physics of the nuclear systems. Our work boils
down to simple fact of constructing more realistic model that contains all possible degrees of freedom in some
light nuclei such as Deuteron and Helium. So, we include the interaction between two baryons which is bounded
in a hadron and each baryon contains three bounded quarks. The nucleon-nucleon interaction is well introduced
by the exchange of mesons with the OBE model. At long range of this interaction, it is supposed to be due to
the exchange of pion-meson(pseudoscalar meson) followed by the effect of scalar meson (σ) in attractive attitude
at the medium range. The attractive behavior have to face an opposite behavior to maintain the stability of
the nucleus, so, the short range of this interaction is affected by a repulsive behavior due to the exchange of
vector mesons such as (ω, ρ, etc.) and QCD effects according to fig. 1.
Fig. 1: The nucleon-nucleon potential with the exchange of different mesons in different regions [55].
At first, the OBEP depended on the cancelation of σ-meson and ω-meson (means the cancelation of attrac-
tive and repulsive behaviors), the results is satisfied for the ground state energies of light nuclei as in table III
with two different sets of mesons’ parameters, but here also tried to include the OBEP through the exchange of
three mesons (pi, σ, ω) and four mesons (pi, σ, ω, ρ), results are listed in table III with two static functions for the
meson, GY , SPED functions. The exchange of three and four mesons in OBEP closes to right binding energy
via applying the SPED with the two different parameter sets in table III. The best binding energy for OBEP
through three mesons, but also the exchange of four mesons in OBEP is reasonable and quite well. These re-
sults is almost the same after applying OBEP on Deuteron and Helium nuclei as shown in table III and table IV.
Table III represents the ground state energy of 2H nucleus with OBEP comparing with the experimental
data and other theoretical values. The preferable value of deuteron ground state is in case of using three mesons
by using SPED function for parameters A. It is noticed that the case of exchange three mesons gives closer
value than the other cases and demonstrating that the effect of pi meson as an attractive one to be clear than
the effect of ρ meson, this behavior is reasonable for light nuclei. The 4He nucleus has the same manner as
the 2H nucleus with preferable values in case of three, four mesons exchange and that is listed in table IV.
Using the binding energy per nucleon relation is useful to ensure that our results for SPED function is better
than GY function and our attempt to include more two mesons in OBEP analytically is successful in result
improvement. The calculated values of the ground state energy give more agreement for going on more massive
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Tab. III: The ground state energy of deuteron related to the meson degrees of freedom.
para- Present Present [54] [56] exp. E/A E/A
meter meson work work [57–59] GY SPED
sets[53] (GY ) (SPED)
A σ, ω −2.916 −2.041 -2.215 -2.220 1.458 1.0205
B −3.486 −1.973 ±0.179 −2.224 1.743 0.9865
A pi, σ, ω −2.199 −2.248 1.0995 1.124
B −2.168 −2.204 1.084 1.102
A pi, σ, ω, ρ −2.1267 −2.1671 1.0633 1.08355
B −1.8766 −2.379 0.9383 1.1895
Tab. IV: The ground state energy of Helium through OBE.
para- present present exp. E/A E/A
meter meson work work [60] [61] GY SPED
sets[53] (GY ) (SPED)
A σ, ω −22.372 −20.238 5.593 5.0595
B −22.751 −21.556 -21.385 -20.4 5.6877 5.389
A pi, σ, ω −22.637 −20.375 ±0.3 5.659 5.0937
B −21.871 −20.337 5.4677 5.08425
A pi, σ, ω,ρ −19.655 −19.7388 4.9137 4.9347
B −19.3744 −20.7917 4.8436 5.1979
nuclei and encouraged for our potential. The calculation of binding energy per nucleon serves our idea of being
the OBEP with three and four mesons in case of SPED function, and gives satisfied values for Deuteron
and Helium nuclei comparing with the experimental one as it is for Deuteron E/A = 1.112 and for Helium is
E/A ' 5.1.
We have mentioned that there is an effect of QCD at the short range of nucleon-nucleon interaction via three
bounded quarks interacted between each other. The so-called Funnel potential or Cornell potential which is the
simplest model for the description of Charmonium system, but in our hybrid model without coupling between
mesons and quarks, The calculated results using Cornell gives disagreement with the experimental one. When
we tried to apply the idea of hybrid model with the aid of the instanton induced interaction, it really gives us
a transition probability for quark-quark interaction in small scale comparing with the confinement scale. It is
indeed similar to the tunneling effect with possibility of treating the instanton interaction as a field configuration
between quarks and anti-quarks in the ground state. This interaction can be applied in case of study the ground
state of light baryons such as proton or neutron which consists of three light quarks. The contribution of the
Cornell dressed potential in case of the ground state calculation;using Eq.(24); equals −0.15MeV in case of
Deuteron and −0.25MeV in case of Helium, within the nucleon dimension (0.4401 fm < r < 0.59 fm). The
calculated results of the ground state using the hybrid model in case of Deuteron and Helium nuclei are given in
tables V and VI. Generally, the effect is encouraged and it improves the calculated results of the ground state
energies of the Deuteron and Helium nuclei in all cases with different parameters of meson degrees of freedom
and different functions GY and SPED. Meanwhile, the comparison include the values of binding energy per
nucleon to assures the reliability of OBEP which is used.
Tables V and VI have the effect of adding quark degrees of freedom to the meson degrees of freedom in a
hybrid model for all previous cases, The values are reasonable and the best value of the hybrid model with the
exchange of four mesons in case of parameters A for 2H nucleus when we apply the GY function than others.
The results are different for 4He nucleus, we have the value of SPED function with the exchange of two, three
mesons in the hybrid model to be the preferred one. It is obvious from table V and table VI the ground energies
in case of SPED function for set A with two mesons exchange, and in cases in set A and set B with three mesons
exchange close to the experimental data. The 4He nucleus has little different manner, the theoretical values of
the hybrid model are more cleared than in 2H nucleus. It is noticed that the quark-quark interaction improves
the values with GY function. One can noticed that the used model is well-defined and compatible with the
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Tab. V: The ground state energy of deuteron with the hybrid model.
para- meson Hybrid Hybrid exp. E/A E/A
meter exchange (GY+ (SPED+ [57–59] GY SPED
sets[53] CDP ) CDP ) +CD +CD
A σ, ω −3.066 −2.191 1.533 1.0955
B −2.496 −2.123 1.248 1.0615
A pi, σ, ω −2.349 −2.398 −2.224 1.1745 1.199
B −2.318 −2.354 1.159 1.177
A pi, σ, ω, ρ −2.2767 −2.3171 1.138 1.158
B −2.0266 −2.529 1.033 1.264
Tab. VI: The ground state energy of Helium with the hybrid model.
para- meson Hybrid Hybrid exp. E/A E/A
meter exchange (GY+ (SPED+ [61] GY SPED
sets[53] CDP ) CDP ) +CD +CD
A σ, ω −22.622 −20.488 5.655 5.122
B −23.001 −21.806 5.750 5.541
A pi, σ, ω −22.887 −20.625 −20.4 5.7217 5.156
B −22.121 −20.587 ±0.3 5.530 5.147
A pi, σ, ω, ρ −19.905 −19.9888 4.976 4.997
B −19.6244 −21.0417 4.906 5.260
data and even than other models see [62, 63]. The deuteron ground state energy is quiet little different from
the numerical data in [56, 64].
IV. CONCLUSION
The nucleon-nucleon interaction using the OBE potential is a successful model to study the ground state
energies with four mesons exchange (pi, σ, ω, ρ) . Also, the self-consistent treatment of the semi-relativistic
nucleon wave function in nuclear state has a great importance in calculations. The physics of ρ meson is quite
declared in our model with the light nuclei; but its effect is not clear with all different cases; on contrast of
the pi meson which is well presented. We constructing a hybrid model of quark and meson degrees of freedom
to determine the ground state energy of some light nuclei such as 2H and 4He. In QCD theory, the strong
interaction contains one-gluon exchange process besides the interaction of instanton that supplemented the
confinement. For small scale around the hadron boundaries, the Cornell dressed potential; which represents
the interaction between quarks through the exchange of pseudo scalar mesons (instantons) under controlling
of one-gluon exchange process; is used in our hybrid model. Our semi-relativistic hybrid model is encouraged
for light nuclei, and the instanton induced interaction is used to construct a link of quark-quark interaction
to the nucleon-nucleon interaction. This work gives a close relationship to other recent approaches, based
upon different formalisms which tended to support this direction [62, 63]. In the present work, the nuclear
properties are being clear through including two potentials forms; which describe the NN interaction; without
any coupling between them. Using the present hybrid model, the ground state energies for 2H and 4He nuclei
are successfully determined and the present model may be used in case of more massive nuclei. Finally, one can
conclude that, the effect of including more degrees of freedom; in OBEP model; to study the nuclear properties
gives a significant effect using the quark-quark interaction and gives an encouraged search to continue with it.
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Appendix.1:The kinetic energy
We deals with the kinetic energy as a relative kinetic energy Tij which is related to the relative momentum
pij =
1
2 (p1 − p2) with the momentum of the first nucleon p1 and momentum of the second nucleon p2, and the
center-of-mass momentum pR = p1 + p2. Therefore, the relative kinetic energy has the formula,
Tij = Ti − Tc.m
=
∑
i
p2i
2m
− (
∑
i pi)2
2mA
=
∑
i
p2i
2m
− 1
2mA
[
∑
i
p2i +
∑
i<j
2pipj ]
=
∑
i
p2i
2m
− 1
2mA
[
∑
i
p2i +
∑
i<j
(p2i + p
2
j − 4p2ij)]
=
∑
i
p2i
2m
− 1
2mA
[
∑
i
p2i + (A− 1)
∑
i
p2i − 4
∑
i<j
p2ij ]
=
∑
i
p2i
2m
− 1
2mA
[A
∑
i
p2i − 4
∑
i<j
p2ij ]
=
2
mA
∑
i<j
p2ij (A.1)
Where Ti is the kinetic energy of particles in the system, Tc.m is the kinetic energy of the center-of-mass effect,
m is the mass of the nucleus and A is the mass number of nucleus.
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